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Edited by Gianni CesareniAbstract We used a cDNA microarray to identify genes ex-
pressed in a caste (worker)- and division of labor (nurse bees
or foragers)-dependent manner in the honeybee brain. Among
the identiﬁed genes, one encoded a putative orphan receptor
(HR38) homologue that mediates ecdysteroid-signaling. Real-
time reverse transcription-polymerase chain reaction indicated
that expression of this gene is higher in forager brains, as com-
pared to nurse bees and queens. In the forager brain, expression
was concentrated in a subset of the mushroom body neurons, sug-
gesting that ecdysteroid-signaling in the mushroom bodies might
be involved in the division of labor of the workers.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The European honeybee (Apis mellifera L.) is a social insect
and the female adults diﬀerentiate into two castes, queens
(reproductive caste) and workers (labor caste) [1]. Queens are
devoted to reproduction, while workers perform various altru-
istic behaviors to maintain colony activities. In addition, there
is a division of labor among the workers depending on their
age after eclosion (age-polyethism) [1]: young workers (nurse
bees) are engaged in nursing the brood, while older ones (for-
agers) forage for nectar and pollen. Although there are a few
reports on genes whose expression diﬀers in the worker brains
depending on age-polyethism [2], the molecular basis underly-
ing their social behaviors remains obscure.
The endocrine system is important for modulating social sta-
tus in the honeybee: juvenile hormone (JH) has a crucial role in
caste diﬀerentiation as well as in age-polyethism [1]. There are
only a few studies concerning the role of ecdysteroids: 20-
hydroxyecdysone (20E) titers are higher in queens than in
workers [3], and queen ovaries produce this hormone [4].
The hemolymph 20E titer also transiently increases in young*Corresponding author. Fax: +81 3 5841 4447.
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are unknown [3].
We previously demonstrated that two ecdysteroid-regulated
genes (AmE93/Mblk-1 and AmE74) are selectively expressed in
the mushroom bodies (MBs) of the honeybee brain [5,6]. The
MBs are insect brain regions important for memory formation
and sensory integration [7]. Furthermore, honeybee MBs have
a high degree of structural plasticity according to age-polyeth-
ism and sex, suggesting that MB function is closely associated
with their social behaviors [1,8]. Thus our ﬁndings suggest pos-
sible involvement of the MB ecdysteroid-signaling in regulat-
ing honeybee social behaviors.
In the present study, to identify possible candidate genes in-
volved in the altruistic behaviors of the workers, we searched
for genes expressed in the honeybee brain in a labor caste
(worker)-dependent manner and identiﬁed a Hormone Recep-
tor-like in 38 (HR38) homologue, which is expressed predom-
inantly in the MBs of the forager brains.2. Materials and methods
2.1. Animals
European honeybee Apis mellifera L. colonies maintained at the
University of Tokyo were used. Nurse bees and foragers were collected
according to their behaviors, as described previously [9].2.2. cDNA microarray analysis
Previously, the diﬀerential display method was used to search for
three types of genes on a small scale: type 1 genes that are expressed
in a brain-region selective manner; type 2 genes whose expression in
the brain diﬀers between aggressive and non-aggressive workers; and
type 3 genes whose expression in the brain diﬀers between foragers,
nurse bees, and queens [10]. The diﬀerential display method was per-
formed on a larger scale using 214 primer combinations, and approx-
imately 400, 450, and 500 candidate bands for typse 1, 2, and 3 genes
were identiﬁed, respectively. Subsequently, over 5000 cDNA clones,
which were subcloned from gel portions corresponding to the diﬀeren-
tial display-positive bands, were printed onto a cDNA microarray
using the methods described previously [10].
For hybridization, total RNA was extracted from a single honeybee
brain (each of four queens, two nurse bees, and two foragers) using
TRIzol (Invitrogen). Total RNA (750 ng) extracted from each brain
was ampliﬁed using an Amino Allyl MessageAmp aRNA Ampliﬁca-
tion kit (Ambion) and labeled with ﬂuorescent dye Cy5 (Amersham
Bioscience). To prepare control RNA for normalization, total RNA
extracted from 50 worker brains was also ampliﬁed and labeled by
Cy3. Normalization and data analysis were performed using
Genespring software (Silicongenetics). Intensity-dependent bias was
corrected using the Lowess function.blished by Elsevier B.V. All rights reserved.
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(RT-PCR)
Total RNA (200 ng) extracted from each brain was treated with
DNAse I and reverse-transcribed using SuperScript III (Invitrogen)
with oligo(dT) primer. The resulting cDNA was treated with RNase
H and PCR was performed with Ex Taq R-PCR version 2.1 (TaKaRa)
using gene speciﬁc primers and ﬂuorescent primers designed for
AmHR38 (GB17814) and the honeybee EF1a cDNA [11], respectively.
AmHR38 and honeybee EF1a PCR products of known concentrations
were used as standards. The amounts of AmHR38 mRNA normalized
with those of EF1a mRNA were calculated as relative mRNA levels.
To conﬁrm that Clone 3 corresponds to the 3 0-UTR of GB17814,
RT-PCR was performed using primers corresponding to the coding se-
quence in the 8th exon of GB17814 and +156 to +178 of Clone 3 and
total RNA extracted from 10 worker whole brains.
2.4. In situ hybridization analysis
The digoxigenin (DIG)-labeled sense or antisense RNA probes cor-
responding to +1659 to +2048 and +301 to +639 of AmHR38 and the
honeybee Ultraspiracle (AmUsp) cDNA [12], respectively, were pre-
pared by in vitro transcription using the partial cDNAs as templates
with a DIG RNA labelling kit (Roche). Hybridization and detection
was performed as described previously [10].Fig. 2. Genomic organization of the predicted genes corresponding to
Clones 2, 3, and 4 (A–C) and comparison of the domain structure of
HR38 (D). (A–C) Exon (closed boxes) and intron (lines) structures
of the predicted genes and the location of the clones are indicated
below the corresponding linkage groups. Positions of the primer sets
used in the quantitative RT-PCR and RT-PCR are shown by black
and white arrows, respectively, in (B). Open boxes in (B) indicate
sequences of AmHR38 exon, which were newly identiﬁed by RT-PCR.
(D) The numbers below the domain structures indicate sequence
identities with AmHR38. DBD, DNA-binding domain; LBD, ligand-
binding domain.3. Results
3.1. Screening of genes expressed strongly in the worker brains
compared with the queen brains
Using the cDNA microarray on which over 5000 cDNA
clones were printed (see Section 2), we searched for genes whose
expression was more enhanced in the worker (nurse bee or for-
ager) brains than in the queen brains. For this, from two for-
ager, two nurse bee and four queen brains, eight diﬀerent
RNA-samples were prepared, ampliﬁed and labeled with Cy5.
One set of hybridization experiments contained eight pairs of
hybridization (each of 8 Cy5-labeled RNA samples compared
to Cy3-labeled control RNA sample) and we repeated this set
twice with diﬀerent RNA sample preparations. We calculated
the ratio of the expression level of each clone in the worker
(nurse bees and foragers) brain to that in the queen brain and
looked for clones that were reproducibly ranked in the highest
50 in duplicate experiments. Sequencing the positive clones re-
vealed that there were redundant clones, and we ﬁnally identi-
ﬁed two clones (#1 and 2) that are expressed selectively in the
nurse bee brains, and two in the forager brains (#3 and 4) whenFig. 1. Nurse bee- or forager-selective expression of the clones identiﬁed by cD
levels from queen brain in two experiments (Ex. 1 and Ex. 2) as 1. Numbers
shown at the bottom. Bars indicate standard deviation for queens (N = 4) acompared with the queen brains (Fig. 1, GenBank accession
nos. BP875366, AB252421, BP875526 and BP873891).
Analysis using the Honeybee Genome Database (Beebase:
http://racerx00.tamu.edu/bee_resources.html) revealed that
Clones 2 and 4 overlapped with predicted genes GB15078 and
GB14956, which encode a novel cell-adhesion molecule con-
taining an immunoglobulin domain and a putative myo-inosi-
tol oxygenase [13], respectively (Fig. 2A and C). No predictedNA microarray. Relative mRNA levels are indicated, deﬁning mRNA
of identical cDNA clones, which were spotted on the microarray, are
nd individual values for nurse bees and foragers (N = 2).
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sequences. Clone 3 was located 3 0-downstream of a predicted
geneGB17814, and RT-PCR revealed that Clone 3 corresponds
to the 3 0-UTR of GB17814 (Fig. 2B). GB17814 encodes a pro-
tein that has sequence similarities withDrosophila melanogaster
[14] and Aedes aegypti HR38 [15] (Fig. 2D). All of the DNA-
and ligand-binding domains and T/A boxes were conserved in
the predicted protein, indicating that GB17814 encodes a hon-
eybee homologue of HR38 (AmHR38). In fruit ﬂy and mos-
quito, HR38 is as an orphan nuclear receptor that mediates
ecdysteroid-signaling [14,15]. Because the honeybee ecdyster-
oid-regulated genes (AmE93/Mblk-1 and AmE74) are expressedFig. 4. In situ hybridization of AmHR38 and AmUsp using worker brain sect
anti-sense (A) and sense AmHR38 probes (B). OL, optic lobes. (C) Magniﬁe
cells; S, small-type Kenyon cells. (D) Magniﬁed view of the right MB hybrid
arrowheads (A) or arrows (C and D). Bars indicate 100 lm.
Fig. 3. Forager-selective expression of GB17814 (AmHR38) demonstrated by
mRNA levels of queen, nurse bees and foragers are indicated, deﬁning the mR
of the relative mRNA levels in the queen, nurse bee and forager brains. There
queen; N, nurse bee; F, forager.selectively in the MBs [5,6], we further analyzed AmHR38. De-
tailed expression analysis of GB15078 and GB14956 has not
been performed.
3.2. Quantitative RT-PCR and in situ hybridization of AmHR38
in the honeybee brain
To conﬁrm enhanced expression of AmHR38 (GB17814) in
the forager brains, we compared its expression in a single hon-
eybee brain using 30 honeybees collected from six colonies.
From each colony, one queen, two nurse bees and two foragers
were collected. Real time RT-PCR revealed that expression of
AmHR38 in the brain was enhanced in 10 of 12 foragers col-ions. (A–C) Frontal section of the worker whole brain hybridized with
d view of the right MB shown in (A). Ca, calyx; L, large-type Kenyon
ized with anti-sense AmUsp probe. Positive signals were indicated by
quantitative RT-PCR. (A) Six colonies were examined and the relative
NA levels in the queen brain in each colony as 1. (B) Statistical analysis
were signiﬁcant diﬀerences between foragers and nurse bees/queens. Q,
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tistically signiﬁcant diﬀerence in the relative mRNA levels be-
tween the foragers and nurse bees or queens (Scheﬀe’s F test,
p < 0.01) (Fig. 3B).
In situ hybridization using frozen sections of the forager
brain and a DIG-labeled anti-sense RNA probe revealed that
strong expression was observed in the somata of the small-type
Kenyon cells, which are located at the inner core of the inside
and outside of the calices of the MBs (Fig. 4A and C) [16]. Fur-
thermore, a small number of AmHR38-expressing cells were
also observed in the large-type Kenyon cells. In the fruit ﬂy,
HR38 interacts with Ultraspiracle (Usp) to respond to ecdys-
teroids [14]. To examine the possible involvement of AmHR38
in ecdysteroid-signaling in honeybee MBs, we also examined
AmUsp-expression in the honeybee MBs by in situ hybridiza-
tion. AmUsp-expression was observed in the whole MBs
(Fig. 4D) as well as in the lateral region of the antennal lobes
(data not shown), indicating that AmHR38- and AmUsp-
expression overlaps at least in the MBs.4. Discussion
In the present study, we demonstrated that AmHR38 is ex-
pressed predominantly in the small-type-Kenyon cells and its
expression tends to be enhanced in the forager brains, com-
pared with nurse bee and queen brains. In mosquito and fruit
ﬂy, there are two ecdysteroid-signaling pathways, one medi-
ated by ecdysteroid receptor (EcR) and the other by HR38
[14]. In the EcR-mediated pathway, the EcR/Usp heterodimer
binds to ecdysteroids to activate transcription. In contrast, in
the HR38-mediated pathway, the HR38/Usp heterodimer acti-
vates transcription of target genes distinct from those in the
EcR-mediated pathway [14]. HR38 interacts strongly with
USP in vitro and consequently disrupts EcR-Usp transactiva-
tion [15]. Thus the enhanced expression of AmHR38 in the
forager brain might contribute to switch the mode of ecdyster-
oid-signaling in the MBs from the EcR- to HR38-mediated
pathway in association with age-polyethism of the workers.
The honeybee MBs are composed of two morphologically
distinct large- and small-type Kenyon cells [7,16]. Functional
diﬀerences of these Kenyon cell types are suggested from their
diﬀerent projections [8,16] and their gene expression patterns
[5,6,9,10,17]. For example, the cGMP-dependent protein ki-
nase (PKG) and prepro-tachykinin genes are expressed selec-
tively in the small-type Kenyon cells [10,18]. Interestingly,
transcription of both of these genes is up-regulated in the for-
ager brains compared with nurse bees, and enhancement of
PKG activity can induce foraging behavior [18]. Thus, the
PKG and prepro-tachykinin genes are good candidates for
genes regulated by HR38-mediated ecdysteroid-signaling. In
vitro experiments using Drosophila cells revealed that the
HR38-mediated pathway has a broader ligand-speciﬁcity and
higher sensitivity than EcR [14]. It is plausible, therefore, that
ecdysteroids other than 20E activate the HR38-mediated path-
way in the forager brain.Acknowledgments: This work was supported by the Program for Pro-
motion of Basic Research Activities for Innovative Bioscience and
Grant-in-Aid from the Ministry of Education, Science, Sports, and
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